The role of KEAP1 in Nrf2 regulation in response to chronic exercise training by Martin, Kerry James & NC DOCKS at The University of North Carolina at Greensboro
 
MARTIN, KERRY JAMES, Ph.D. The Role of KEAP1 in NRF2 Regulation in Response 
to Chronic Exercise Training. (2021) 
Directed by Dr. Allan Goldfarb. 112 pp. 
 Aerobic exercise training is a beneficial stress that causes physiological changes 
to adapt to many different forms of stress. Oxidative stress is a form of stress that is 
classified by the production and imbalance of harmful radicals, termed reactive oxygen 
and nitrogen species (RONS). Cells within the body can produce antioxidants to act as a 
defense against these dangerous molecules and potential future RONS. An imbalance in 
antioxidant production to oxidative stress can lead to cell dysfunction or cell death, which 
may lead to diseased states. A normal response to an increase in RONS leads to 
activation of a transcription factor, nuclear erythroid 2-related factor 2 (Nrf2), which 
signals the production of antioxidants. As such, Nrf2 has emerged as the ‘master 
regulator’ of antioxidant production. However, Kelch-like ECH Associated Protein 1 
(KEAP1) is the protein that is responsible for Nrf2 regulation and activation. While this 
pathway has been implicated as a major role in redox homeostasis, much remains 
unknown about its response to exercise. Therefore, the purpose of this study was to 
evaluate the changes that occur in the KEAP1/Nrf2/Antioxidant pathway to exercise 
training. 
 In order to assess these changes, mice (C57BL/6) were assigned to two groups:  
1) underwent an 8-week exercise training program (n = 14) and 2) were sedentary control 
(n = 9). The exercise training program consisted of treadmill running 5 days per week 
initially for 45 minutes to 1 hour and progressed each week by adding duration, speed, 
and incline, ending at approximately 65% VO2max intensity. Seventy-two hours after the 
 
last session, mice were sacrificed; quadriceps, gastrocnemius, and soleus hindlimb 
muscles were harvested and stored for biochemical analysis. Multiplexed fluorescent 
western blot analysis was used to quantify KEAP1, nuclear Nrf2, cytosolic Nrf2, SOD1, 
and HO1 protein levels; the latter two proteins are related to controlling RONS.  Because 
multivariate assumptions were violated and power was low, univariate repeated-measures 
ANOVAs were used to assess the differences between sedentary and exercise groups, 
along with potential differences between muscles.  
 Simple main effects illustrated significant differences between exercise groups in 
the gastrocnemius (F = 4.438, p = 0.047), soleus (F = 6.082, p = 0.022), and deep 
quadriceps (F = 10.756, p = 0.004). SOD1, KEAP1, and cytosolic Nrf2 fraction all 
approached significance for a main effect of exercise between groups (p = 0.062, p 
=0.111, p = 0.104, respectively). Additionally, HO1 and SOD1 each demonstrated a 
significant effect of muscle (p < 0.001, each). The Nrf2/KEAP1 (both cytosolic and total 
ratios) did not differ between muscle groups or between exercise groups and did not 
significantly predict antioxidant level production. It appears that exercise training, 
according to this protocol, increases nuclear translocation in a muscle-dependent fashion. 
Future studies should address complications with the current study, particularly low 
power from low sample size, as well as genetic regulations explaining control between 
Nrf2 activation and down-stream antioxidant production.  
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CHAPTER I  
INTRODUCTION 
 Cells in the body may produce reactive oxygen nitrogen species (RONS), that 
have an oxygen or nitrogen group that could interact with and damage molecules in close 
proximity to the RONS molecules1. RONS may lead to cellular damage of structural 
proteins and enzymes, which could alter the way a cell functions; additionally, RONS 
molecules may act as secondary messengers, triggering the activation of intracellular 
pathways that protect the cells2. These pathways, outlined later, are vital in a cell’s 
overall health and function. The responses to the RONS can trigger adaptations in a cell, 
and if the adaptations are insufficient, then some cells may become dysfunctional and 
lead to diseased states3. 
Generally, RONS are produced with increased metabolism or during times of 
infection/ inflammation4. When the production of these RONS increase above normal 
basal levels, this situation has been denoted as oxidative stress (OS). It is typically 
thought that OS, like many other stresses, is regulated in a manner called ‘hormesis’. 
Hormesis means there is a certain increase in stress that may lead to beneficial 
adaptations to the cells to protect against future stress; however, if stress becomes too 
high to manage, a cell may undergo apoptosis (cell death); lastly, if there is too little 
stress the system is not regulated with the proper protections. Thus, it is important to have 
some OS to protect future insults, but too much may cause irreversible damage. 
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Exercise, inflammation, and infection are common causes of OS. Infection and 
inflammation lead to the production of RONS in order to cause damage to pathogens or 
cells that are damaged5. This mechanism helps to ‘kill’ invaders and infected cells. 
Alternatively, exercise leads to an increase in RONS, thought to be a byproduct of 
increased aerobic metabolism and alteration of shear stress within the circulation, among 
other processes to regulate proper functions within the body6. Some processes still need 
to be elucidated. Despite not fully understanding the mechanisms which produce RONS 
production, exercise has been demonstrated to transiently increase RONS, intracellular 
damage, and subsequent antioxidant production7–10. 
There are many antioxidants that exist in most cell types in the human body, and 
many of them respond to single or repeated bouts of OS, as in chronic exercise training, 
by increasing total quantities of the antioxidant11. Many of these antioxidants are 
produced through NRF2 signaling, which is a transcription factor and is currently 
considered a ‘master regulator’ of antioxidant production in the cell. Upon activation, 
NRF2 located within the cytosol is translocated to the nucleus and binds to genes that 
contain an “antioxidant response element” (ARE). The activation of NRF2 is controlled 
by a process to release the protein KEAP1 from its attachment to NRF2 within the 
cytosol, which responds to acute OS, freeing NRF2, and allowing it to translocate into the 




Figure 1. Conceptual model of KEAP1/Nrf2 activation in response to stressors. 
 
Research has focused on changes in NRF2 concentration in response to acute and 
chronic exercise training, but many of the results to date show conflicting results in the 
relationship between NRF2 levels and down-stream antioxidant production13. While there 
are many factors that may affect the relationship between a signal and production of a 
protein, one major factor that may be overlooked in these studies is the KEAP1 molecule. 
KEAP1 is a protein that sequesters NRF2 in the cytosol of the cell, rendering it inactive 
or controlling its degradation through ubiquitin ligases.  Upon OS, KEAP1 may release 
NRF2, allowing it to become active. Thus, the amount of KEAP1 may be important to 
consider in relationship to the amount of NRF2. Changes observed in NRF2 relative to 
changes in KEAP1 may help better explain the bioavailability of NRF2 and suggest the 
NRF2 activity changes. 
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Therefore, the purpose of this study is to examine the changes in KEAP1 and 
Nrf2 in response to chronic exercise training, and to examine the importance of the 
KEAP1/NRF2 ratio in the cytosol to help explain the change in antioxidant levels.  
Specific Aims 
Specific Aim 1: To determine the redox adaptations that occurs in hindlimb skeletal 
muscle due to aerobic exercise training.  
Hypothesis 1: SOD1 concentration will be higher in endurance trained muscle 
compared to sedentary muscle. 
Hypothesis 2: HO1 concentration will be higher in endurance trained muscle 
compared to sedentary muscle. 
Hypothesis 3: TGSH concentration will be higher in endurance trained muscle 
than sedentary muscle.  
Specific Aim 2: To determine changes in NRF2 concentration in muscle 
Hypothesis 1: Total Nrf2 will be greater in trained muscle compared to Total Nrf2 
in sedentary muscle  
Hypothesis 1: Cytosolic Nrf2 will be greater in trained muscle compared to 
Cytosolic Nrf2 in sedentary muscle 
Hypothesis 2: Nuclear Nrf2 will be greater in trained muscle compared Nuclear 
Nrf2 in sedentary muscle. 
Specific Aim 3: To assess the changes of KEAP1 and its ratio with NRF2 in response to 
exercise training.  
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Hypothesis 1: KEAP1 concentration will be higher in endurance trained muscle 
compared to sedentary muscle.  
Hypothesis 2: Nrf2/KEAP1 ratio will be higher in trained muscle than the 
sedentary Nrf2/KEAP1 ratio. 
Specific Aim 4: Evaluate the effectiveness of the Nrf2/KEAP1 ratio in predicting 
antioxidant levels due to training. 
Hypothesis 1: There will be a significant relationship between the amount of 
Nrf2/KEAP1 and the amount of antioxidant levels within the muscles examined. 
Hypothesis 2: There will be a significant relationship between the change in the 
amount of Nrf2/KEAP1 and the change in amount of antioxidant levels after 
exercise training.   
Study Significance 
 Many diseases have been implicated in having antioxidant deficiencies, such as 
neurodegenerative diseases, cardiovascular diseases, diabetes, among others. In many 
cases, exercise has been shown to attenuate disease progression, but through unknown 
mechanisms. It stands to reason that upregulation of protective antioxidants may 
attenuate oxidative stress, prevent damage, and promote cell survival in such diseases. 
Indeed, some studies demonstrate increases in antioxidant production that is concurrent 
with disease attenuation14,15, suggesting that these antioxidants may play a protective 
role. However, the mechanisms that promote the enhancement of antioxidants have not 
fully been elucidated.  
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 Exercise is a therapy that is used for many diseases and may be prescribed as a 
therapeutic means. As such, prescriptions often include intensity, duration, and frequency 
of the exercise, as these factors have all been shown to stimulate different adaptations. 
The specificity of these variables determines the efficacy of exercise training to 
ameliorate certain diseases. Thus, a good understanding of how each of these variables 
may change the production of antioxidants is required to evaluate the levels of intensity, 
duration, and frequency of exercise are the best for each disease. Since the response of 
KEAP1 and NRF2 to exercise are relatively unknown, efficacy may not yet be best 
determined. Having a better understanding of how KEAP1 and NRF2 change with 
exercise will allow for a better understanding of the relationship between these two 
factors and how ARE-related antioxidants are activated by endurance exercise. 
Study Innovation 
 While there are many studies on the oxidative stress that occurs during exercise, 
the effects of exercise training on the pathways that control redox hormesis remain 
unknown. To our knowledge, this is the first study that attempted to examine the effects 
of exercise training on KEAP1 changes in skeletal muscles. A few studies have assessed 
acute and chronic changes to Nrf2 activation, but only two studies have included KEAP1 
changes along with these measures, neither of which are in skeletal muscle. This study is 
innovative in that it provides a better understanding of the robust changes in oxidative 
stress signaling that occurs with endurance aerobic exercise training. 
 Additionally, as this study is an exercise training study, it provides more 
information into the protective effects of exercise against oxidative stress signaling 
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diseases. In many cases, such as cancer16, cardiovascular disease17, neurodegenerative 
diseases18, and diabetes19, there are abnormalities in the redox status and capacity to 
respond to these abnormalities. With a better understanding of KEAP1’s role over Nrf2, 
this study provides more insight into how exercise may play a protective role in the 
pathology of these diseases.  
Limitations  
• Nuclear Nrf2 is not indicative of activity per se, but rather release and 
translocation of Nrf2 from KEAP1 
• Nrf2 can be degraded by KEAP1, and rate of degradation will not be examined in 
this study. 
• Mice were the model organism and thus the results may not be directly 
translatable to humans. 
• Muscles were harvested at rest (basal) 48 hours after the last training exercise 
session, and therefore do not reflect a difference in response to an acute exercise 
session. 
Delimitations 
• Sedentary mice underwent the same timeline as the exercise intervention group; 
the sedentary group remained sedentary until the same age as the exercise mice at 
sacrifice. 
• All mice were from the same genetic line.  
• All mice had free access to food and drink in their cages. 
• All mice were housed in the same environmental conditions. 
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• All mice were familiarized with the environment for at least 10 days prior to any 
interventions.  
Term Definitions 
GSH - Glutathione in its reduced form; representative of eustress conditions. 
GSSG - Glutathione in its oxidized form; representative of increased oxidative stress. 
HO - Heme oxygenase – an enzyme that is responsible for making bilirubin (an 
antioxidant) from heme degradation. 
HPLC - High performance liquid chromatography, a method used to isolate molecules in 
a solution using a high pressure solution passing through a column to adhere and 
elute molecules for detection, often with electrochemical or mass-spectroscopy 
detection. 
KEAP1- Kelch-like ECH Associated Protein 1, a protein that is responsible for 
sequestering Nrf2 in the cytosol. Also associated with Cullin-3 E3 ubiquitin 
ligase, which is an ubiquitinator of Nrf2 for 26S proteasome degradation. 
Nrf2 - Nuclear erythroid 2-related factor 2 – a transcription factor that is considered to 
be a ‘master regulator’ of antioxidant and detoxification genes. Normally located 
in the cytosol bound to Keap-1.  
OS - Oxidative stress – a scenario when the redox status of a cell favors oxidation due 
to an increase in RONS. 
p62 - also known as Sequestosome 1 or SQSTSM1 – a protein that is associated with 
autophagy, adhering polyubiquinated proteins for selective autophagy. 
 
19 
RONS - Reactive oxygen and nitrogen species – molecules that contain radicalized 
oxygen or nitrogen groups, making them highly reactive and potentially damaging 
to other molecules around them. 
SOD - Superoxide Dismutase – An enzyme that is responsible for the conversion of a 
superoxide molecule to a hydrogen peroxide molecule. 
TGSH - Total Glutathione – The total amount of glutathione, both oxidized and reduced 




REVIEW OF LITERATURE 
Reactive Oxygen Species 
 Oxygen is essential for proper cellular function, providing an electron acceptor for 
ATP production. By itself, oxygen can be a very stable molecule. However, due to the 
nature of its electrons, oxygen has the potential to become a highly reactive molecule. It 
is common for oxygen to become radicalized, which refers to an oxygen atom containing 
an unpaired electron in its valence shell. This molecule is very reactive, as electrons have 
a preference to be shared. In this case, the unpaired electron will try to pair with atoms 
around it, especially from other molecules. In the cell, these radicalized oxygen 
molecules can take electrons from molecules around it, referred to as ‘oxidizing’ the 
molecule, or ‘reducing’ the radical. When cellular components become oxidized, it may 
change the nature of how that molecule can function. Therefore, if many of the molecules 
in the cell become oxidized and cannot function properly, a cell may become 
dysfunctional or even lead to programmed cell death (apoptosis). This damage that comes 
from radicals has been suggested to lead to many chronic diseases, such as 
neurodegenerative diseases18,20,21, cardiovascular disease22,23, diabetes19,24, and 
progression of cancer16,25–27. 
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 There are many kinds of radicals that can occur within a typical biological 
context. Molecules that contain oxygen or nitrogen atoms that become reactive and lead 
to oxidative stress are often called reactive oxygen or nitrogen species (RONS). 
Superoxides are one of the most common types of radicals in living organisms, which are 
a doublet oxygen molecule (O2*), which contains one additional unpaired electron28. The 
sources most commonly responsible for this are mitochondrial cytochromes and NADPH 
oxidases both in myocytes and in phagocytes1. In the mitochondrial cytochromes, the 
amount of superoxide produced is heavily debated, but the production is thought to be an 
unwanted byproduct of aerobic metabolism. However, the production of superoxide from 
NADPH oxidases is a very important and necessary function for inflammation and 
immune responses to infection. Certain cells, such as phagocytes, use this mechanism to 
produce superoxides, which can deliberately damage invading cells or infected/damaged 
cells. Thus, superoxides are a common radical in many organisms, however inability to 
manage these radicals, especially incidental production, may lead to systemic problems. 
Additionally, NADPH oxidases are also an important factor in vascular control of 
endothelial function, especially with exercise training29, lending to the idea that these 
ROS are requisite for proper function. 
 Another oxygen molecule that can cause damage is the singlet oxygen, which is 
one oxygen atom with an unpaired electron. The production of this radical comes from 
both cytochromes in the cell as well as from UV light exposure30. Due to its high 
reactivity in this state, it is very short lived, but may react with a number of molecules or 
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atoms in close proximity to its location. Similar to superoxide, damage may be caused to 
cellular lipids, proteins, and DNA, which could alter cellular function.  
 Both superoxides and singlet oxygens have the ability to be reduced to hydrogen 
peroxide, usually by an antioxidant enzyme. Hydrogen peroxide is less reactive by itself 
than these radicals but could possibly be converted into other radical species in the 
presence of metals, demonstrated in the Fenton reaction (reaction 1) and Haber-Weiss 
reaction (reaction 2). Most importantly, this yields the presence of a hydroxyl radical 
(OH∙), which may be a common source of cellular damage. This also tends to be very 
short lived due to its reactivity, but its occurrence is relatively high compared to other  
radicals. 
𝐻#𝑂# +	𝐹𝑒#) → 	𝐹𝑒+) +		∙ 𝑂𝐻 +	𝑂𝐻, (Reaction 1) 
𝑂#, +	𝐻#𝑂# 	
-./01
2⎯⎯4	∙ 𝑂𝐻 +	𝑂𝐻, +	𝑂#	(Reaction 2) 
 Nitric oxide (NO) is a signaling molecule that is commonly synthesized in 
endothelial and neuronal tissues. It is produced from L-arginine by nitric oxide synthase, 
of which there are three forms: inducible (iNOS), endothelial (eNOS), and neuronal 
(nNOS). The most commonly known function is to promote local vasodilation in the 
endothelium to promote increases in local blood flow. While this molecule remains 
important for proper organismal function, NO can become reactive and be a source of 
RONS. NO may react with a superoxide molecule and become peroxynitrite (ONOO-). 
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This molecule has been noted to cause significant amount of damage to cell membranes, 
intracellular proteins, and DNA.  
Antioxidant Defense System 
 In order to protect cells from damage from the aforementioned molecules, 
antioxidants are produced in many compartments in almost every cell type. Antioxidants 
exist in many forms and are vital in protecting the cell from excessive damage, since 
excessive levels of RONS may lead to irregular cell function or possibly cell death. The 
antioxidant system is very robust and has components mostly in the cytosol and 
mitochondria of the cell, to handle the RONS that are produced in these areas.  Within the 
broad term of antioxidants, there are two subtypes: enzymatic and non-enzymatic.  
 Enzymatic antioxidants are molecules that facilitate the conversion of RONS to 
less-reactive or neutral species. These antioxidants are important for cell survival, as it 
determines the amount of RONS that can be neutralized, which attenuates damage related 
to OS. As with other enzymes, the amount of substrate that can be converted is largely 
dependent on the quantity of enzyme and the enzymatic activity. Thus, for cell survival, it 
is important to have enough antioxidant enzymes to quench the amount of RONS that are 
being produced.  
 There are many different kinds of enzymatic antioxidants, and typically use a 
metal as one of the primary catalysts to help reduce RONS. The three most common 
enzymes that act as antioxidants in the cell are Superoxide Dismutase (SOD), Catalase 
(CAT), and Glutathione Peroxidase (GPX).  
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SOD is a widely expressed antioxidant enzyme. Its main purpose is to reduce 
superoxide molecules into hydrogen peroxide and oxygen. It exists in three forms in 
human: SOD1 in the cytosol, SOD2 in the mitochondria, and SOD3 in the extracellular 
matrix. SOD2 contains manganese as its cofactor, while SOD1 and SOD3 contain copper 
and zinc as cofactors. CAT is a major enzyme that is vital for normal cell function. It is 
widely expressed in all mammalian tissues, is highly conserved, and is responsible for the 
breakdown of hydrogen peroxide into water and oxygen. Compared to GPX, another 
enzyme that breaks down hydrogen peroxide, CAT has a much lower binding affinity31. 
GPX reduces hydrogen peroxide into water and oxygen molecules, using two molecules 
of glutathione in the reduced form (GSH) and produces an oxidized glutathione disulfide 
(GSSG). There are eight known isoforms of GPX (GPX1-8). GPX1 is the most common 
form, existing in the cytosol of most mammalian tissues. These enzymes contain 
selenium, which is important for its function and regulation.  
 Additionally, there are three other enzymatic antioxidants, but they play a smaller 
role than the previous three. These antioxidants are thioredoxin, glutaredoxin, and 
peroxiredoxin. Thioredoxin (TRX) is a small, naturally occurring antioxidant that is 
found in the cytosol and mitochondria of most organisms and tissues32. It has two thiol 
sites that act to reduce disulfide bonds, creating an internal disulfide bond on TRX when 
oxidized33. Glutaredoxin (GRX) has similar characteristics to TRX in that it is 
responsible for reduction of disulfide bonds of cellular components, however, it uses a 
reduced glutathione molecule to catalyze the reaction34. Peroxiredoxin (PRX) is the third 
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major accessory antioxidant enzyme, and is mostly responsible for the reduction of 
hydrogen peroxide, lipid peroxides, or peroxinitrites, and may be reduced by TRX35. 
 In addition to enzymatic antioxidants, there are non-enzymatic antioxidants that 
are responsible for helping to control the redox state. These include glutathione, uric acid, 
and bilirubin. Glutathione is the most abundant and sensitive antioxidant and is 
represented throughout most organisms and tissues in the cytosol. Glutathione exists in 
two states, reduced and oxidized (GSH and GSSG, respectively). GSH is a tripeptide that 
contains a thiol group that donates a hydrogen ion as its means of reduction; upon 
oxidation, two glutathione molecules combine and form a disulfide bond36.  
 Uric acid is a naturally occurring molecule that is a byproduct of purine 
nucleotide metabolism, and is believed to be a large contributor to reduction of peroxides 
in the blood that form from the Fenton reaction at hemoglobin37. Interestingly, uric acid 
has also been shown to increase antioxidant production through the Nrf2-KEAP1 
pathway (outlined below)20. 
 Bilirubin is thought to be the product of heme catabolism, but its role as an 
antioxidant is lesser known. When heme is broken down by heme oxygenase 1 and 2 
(HO1 – inducible, HO2 – constitutive), the end product is biliverdin. Biliverdin reductase 
is an enzyme that converts biliverdin to bilirubin, which can then act as an antioxidant38. 
Also of interest, HO1 is inducible by the Nrf2-KEAP1 pathway (outlined below)39. 
Antioxidant Production Signaling 
 Since antioxidants are vital to proper cellular function and organism survival, the 
regulation of production must be able to respond to any insult that increase ROS. 
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Production of antioxidants has been shown to occur in response to many oxidative 
insults, such as increased metabolism, hypoxia, UV/radiation exposure, and 
inflammation. Many of the molecules and enzymes are endogenously produced, so the 
increase in antioxidants is often due to increased transcription and translation of 
antioxidant genes. 
 Nuclear factor erythroid 2-related factor 2 (Nrf2) is a 605 amino acid 65-68 kDa 
transcription factor that is considered to be a ‘master regulator’ of antioxidant production 
and stage II detoxifying enzymes. It belongs to the basic leucine zipper family of 
transcription factors, in the Cap’n’Collar (CNC) subfamily. Nrf2 has seven domains, 
referred to as Nrf2-ECH homology (Neh). Each domain has binding capabilities with 
other molecules, which are still being researched, but appear to play a role in the 
activation, inhibition, or modification of Nrf2: Neh1 is a binding site that is associated 
with musculoaponeurotic fibrosarcoma proteins, (s-Maf ) proteins, which allow for Nrf2 
to exert its potential as a beta leucine zipper and initiate transcription of ARE-related 
genes; Neh2 is the main domain responsible for binding with KEAP1, and contains both 
DLG and ETGE domains that interact with tamtrack bric-à-brac (BTB) region on 
KEAP1; Neh3-5 contain motifs that aid in transactivation, binding necessary co-factors 
for transcription; Neh6 is believed to be involved in degradation pathways that involve 
the binding of b-transducin repeat-containing protein (b-TrCP); Neh7 has a binding site 
that allows for the binding of retinoid X receptor alpha (RXRa), but its physiological role 
remains unclear.  
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Nrf2 may translocate to the nucleus and dimerize with s-Maf. This dimer binds to 
antioxidant response elements (AREs) on DNA, which promotes the transcription of 
phase II detoxifying enzymes. There are more than 200 identified genes that respond in 
this manner, but some of the most important include HO1, SOD1/2, and 
NAD(P)H:quinone oxidoreductase 1 (NQO1). These antioxidants are important for a 
negative feedback loop to decrease the amount of oxidative stress.   
 Kelch-like ECH associated Protein 1 (KEAP1) is a 611 amino acid 69.7 kDa 
homodimer protein that was once referred as an inhibitor of NRF2. It exists in the cytosol 
of the cells, and is responsible for binding and sequestering Nrf2, which prevents Nrf2 
from acting as a transcription factor in the nucleus. KEAP1 has three different functional 
regions: the broad-complex, tamtrack bric-à-brac (BTB) region, the intervening region 
(IVR), and the kelch region. The BTB domain is where KEAP1 proteins bind to create 
the homodimer. Additionally, there is the ability in this BTB domain to interact and bind 
Cullin-3, which is a E3 ubiquitin ligase, and is responsible for ubiquitination of Nrf2 for 
degradation through the 26S proteasome system. The IVR is the middle region on 
KEAP1 and contains a number of interacting cysteine residues; some of these cysteines 
play an important role in controlling the polyubiquination of Nrf2 or its release of Nrf2, 
potentially determining Nrf2’s biological activity. The BTB domain also contains a 
cysteine residue (Cys151) that is thought to modify the Cullin-3 binding and/or activity 
of Nrf2 polyubiquination. The cysteine residues are thought to be sensitive to the redox 
status in the cell, and thus respond to oxidative stress through the cysteine residues. The 
kelch repeat region is the region that interacts and binds Nrf2. Nrf2 contains ETGE and 
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DLG motifs, each one binding to a kelch-repeat region of each of the KEAP1 molecules 
in the homodimer. The ETGE (hinge) has a stronger binding affinity than DLG (latch) 
and are often called the ‘hinge’ and ‘latch’ of the binding process with KEAP1. Each of 
these motifs contains critical cysteine residues that affect the binding affinity of Nrf2 to 
KEAP1. When RONS are present, they appear to modify the thiol groups on the cysteine 
residues, allowing for modulation of the binding characteristics of Nrf2. 
 This model of binding is referred to as the latch-and-hinge model and is one of the 
most widely accepted current theories for KEAP1 regulation of Nrf2 activity. According 
to this theory, the binding of the DLG motif to KEAP1 allows for proper alignment of 
Nrf2 to be polyubiquitinated by Cullin-3. This signals degradation of the Nrf2 molecules 
by ubiquitin proteasomes, turning over Nrf2 in unstressed states. However, if RONS are 
present to modify the cysteine residues at the IVR, then there is a conformational shift 
that does not permit binding at the ‘latch’ site. In this state, Nrf2 is not available to be 
biologically active, as it remains bound to KEAP1 at the ETGE motif, but it is not 
properly aligned to be ubiquitinated for degradation. This state may be the most stable 
confirmation for Nrf2 but remains contentious. Upon further stress from RONS, the 
cysteine residue at the ETGE binding site is modified and facilitates the release of Nrf2 
from KEAP1. It is then that the Nrf2 molecule may translocate into the nucleus and go 
through the process of signaling translation of ARE-genes. This form of activation is now 
referred to as the ‘canonical’ activation of the KEAP1/Nrf2 system. 
 In the ‘non-canonical’ form of KEAP1/Nrf2 activation, p62 is thought to control 
Nrf2 release from KEAP1 as well. This autophagy related protein, p62, has been noted to 
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interact with KEAP1 on the same sites as NRF2 binding sites. Nrf2 has a 30 fold higher 
binding affinity than p62 on KEAP1, but the binding affinity of p62 can be increased by 
phosphorylation at serine at the 351 location (5 fold less than Nrf2)40.  The current theory 
suggests that as p62 levels increase, which may occur when autophagy is inhibited, p62 
may bind to KEAP1 at the DLG domain and possibly the ETGE domain in high enough 
concentrations, freeing up NRF2 for translocation into the nucleus (similar to the latch-
and-hinge model). As previously mentioned, the binding affinity of p62 increases when 
phosphorylated at serine 351 location, which has been observed to happen with 
mammalian target of rapamycin complex 1 (mTORC1). Similarly, mTORC1 has been 
noted as slowing autophagy through inhibition of ubiquitin ligase kinase 1 (ULK1), 
explaining the buildup and subsequent phosphorylation of p62. Thus, it appears that 
mTORC1 may be partially responsible for the non-canonical activation of the 
KEAP1/Nrf2 pathway. 
Additionally, since p62 is responsible for binding tagged proteins to the 
autophagolysosome during autophagy, some studies have examined and noted KEAP1 
degradation in p62 overexpression, as well as a KEAP1 accumulation during p62 
deficiency. Accumulation of p62 can occur when autophagy is inhibited; typically, this 
occurs when autophagy-related proteins (Atg’s) are inhibited (typically atg5 and atg7). In 
studies that knock down atg7, a consequential accumulation of p62 occurs, leading to 
KEAP1 degradation, Nrf2 activation, and downstream antioxidant production. This, as 
well as the mTORC1 phosphorylation of p62, demonstrates that p62 may be responsible 
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for alternative liberation of Nrf2 from KEAP1 as well as the subsequent degradation of 
the KEAP1 molecule.  
 Once Nrf2 has been released from KEAP1 by canonical or non-canonical 
activation, it is able to translocate to the nucleus. Since it is a transcription factor, it must 
cross the nuclear membrane to bind to DNA and promote transcription. The full 
mechanism of this facilitation is not well known; for example, some studies suggest that 
modifications, such as phosphorylation, occur once Nrf2 is in the nucleus, prohibiting 
Nrf2 from leaving the nucleus. However, it is widely accepted that Nrf2 must interact and 
bind with the aforementioned s-Mafs in order to bind to the ARE-motifs, signaling 
antioxidant production.  
Exercise and Antioxidant Production 
 As previously mentioned, exercise is a stress that causes a change in the 
antioxidant defense system. It has been noted that ROS increase during exercise of 
sufficient intensity and duration, and consequentially leads to signaling of antioxidant 
production. The source of ROS during exercise is not fully understood, but current 
theories suggest increased aerobic metabolism or increased NADPH oxidase activities are 
at least partially induced.  
 Originally, it was thought that superoxides and singlet oxygen radicals were 
produced in the mitochondria due to mishandling of the oxygen by cytochromes. It 
therefore stood logical that as aerobic metabolism increased the amount of oxygen being 
utilized in the mitochondria, the number of superoxides and singlet oxygen radicals 
would increase. However, some studies suggest that this mechanism may not hold true, 
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and that cytochrome ROS production within the mitochondria may not increase to the 
extent previously thought. While it is well documented that ROS increase with exercise, 
it may not be due to an increase in overall metabolism. Instead, some evidence now 
points to increased NADPH oxidase activity41. 
 NADPH oxidases (NOX) are membrane-bound enzymes, often extracellular-
facing, that are responsible for producing superoxides and NADP+ from oxygen and 
NADPH. This is the process used in phagosomes as a way of causing damage to target 
cells, which is vital for responses to infection. However, many cells contain oxidases for 
various purposes. Some of the most studied NOXs are in endothelial tissues, and are 
responsible for proper vascular function, particularly during and responding to exercise.  
Research in the past decade has elicited its importance, especially leading to diseased 
states, such as cardiovascular disease. In this case, NOX can be problematic, as increased 
superoxide production from increased NOX activity causes peroxinitrite production when 
combined with NO production42.  This scenario leads to less NO signaling required for 
vasodilation, which may lead to cardiovascular dysfunction if repeated over time. 
However, NOX a larger beneficial physiological role contributing to vasodilation under 
certain circumstances as its product superoxide is often reduced to hydrogen peroxide, 
which can translocate to the smooth muscle cells and cause hyperpolarization-related 
vasodilation43.  
However, NOX plays a larger beneficial physiological role, with most of the 
beneficial effects exerted by NOX2 and NOX4 through ROS cell signaling. Production of 
ROS from NOX2/4 act as cellular signals in the adjacent smooth muscle cells to increase 
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the activity of p38 MAPK and AKT signaling44, which leads to robust cell survival 
responses, particularly protecting against inflammatory stress. These NOXs respond to a 
number of molecules, but most importantly respond to shear stress, HIF-1, and 
angiotensin II45. These oxidases play a large role in short- and long-term vascular 
function which is vital for exercise adaptations; additionally, these ROS-dependent 
responses that NOX induces may play a large role in antioxidant defenses as well, which 
may include the Nrf2/KEAP1 pathway. While it may seem counter-intuitive to have 
enzymes in many tissues that are responsible for producing ROS both during exercise and 
at basal states, it has become clear that their overall function is to stimulate ROS-
dependent cell survival pathways.  
Regardless of source of ROS, the intensity of exercise appears to be the largest 
determinant of oxidative stress9. Typically, for aerobic activities, a moderately high 
intensity, when there is high oxygen uptake by the skeletal muscle, appears to illicit more 
ROS-related damage. If the intensity is too high, the duration of exercise may not be long 
enough to accumulate a large dose-response. However, at moderately high intensities, 
ROS may accumulate over a long duration of time10 and thus, duration is an important 
consideration for ROS production.  
With increased aerobic exercise training comes robust adaptations to exercise. In 
particular, there are changes that occur in the redox system that promote antioxidant 
production. This helps protect cells against future insults of ROS, potentially mitigating 
the negative effects associated with ROS production. There are changes to almost every 
aspect of the redox system, some are well understood, while others are being investigated 
 
33 
as new areas. Many of these changes have been promoted as beneficial in managing or 
preventing diseases such as neurogenerative diseases, cancer, diabetes, cardiovascular 
disease, and more.  
The most notable changes that occur in response to aerobic exercise training are 
increases in SOD, GPx, and CAT46. These responses generally differ slightly based on 
the type of tissue; for example, highly oxidative muscle fibers tend to create more 
antioxidants in response to training, whereas less oxidative fibers tend to increase to a 
lesser degree10. Production of these antioxidants typically come from a number of 
signaling pathways, a built in mechanism to ensure activation due to a number of 
stressors, which include Nrf2, NF-kB47, PPARs22,48, and MAPK pathways. Nrf2 has 
recently been implicated as more important in antioxidant-specific adaptations and is 
highly responsive to the redox status of the cell. The other cell factors are more 
responsive to inflammation, nutritional stress, or other forms of stress, and have a less-
specific antioxidant response. 
While the antioxidant response to endurance training in the muscle has been 
widely studied, much less is known about the regulation of antioxidant production 
signaling, which appears to be largely controlled by Nrf2 and KEAP1. As of late, more 
research has been done to address the roles of these two molecules, but many results are 
conflicting and lead to questions about methodological differences as well as the 
importance of key metrics.  
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Exercise and KEAP1-Nrf2 Pathway 
 Since Nrf2 is considered the ‘master regulator’ of antioxidant production, Nrf2 
has been the focus of many studies evaluating cellular redox responses. Initial studies 
evaluated changes in Nrf2 after training compared to before training. Results using this 
design showed a mild increase in certain tissue types, but the correlation between Nrf2 
levels and antioxidant levels were inconsistent and lacked strong evidence of a true 
causal relationship.  
 One of the first studies attempting to examine Nrf2 changes to exercise was by 
Asghar and colleagues in 200749. Their previous studies had shown that oxidative stress 
decreased levels dopamine receptors (D1) and decreased associated G-protein activity50. 
As a continuation of their work, the purpose of this particular study was to examine the 
effects of exercise on oxidative stress management and hopefully see a restoration in D1 
receptor number and activity. Since Nrf2 is a promoter of oxidative stress, they examined 
nuclear Nrf2 levels, but not whole cell Nrf2, to gauge the hormetic redox response. Adult 
Fisher rats (23 months old) were exercised on a treadmill for 6 weeks, 60 minutes at 
15m/min at a 15-degree grade for 5 days each week. At the end of the 6th week, rats were 
sacrificed 48 hours after the last exercise session, and the proximal renal tubule (PRT) 
was removed for analysis. In the PRT of exercise rats, compared to sedentary rats, there 
was: a decrease in malondialdehyde, suggesting a decrease in oxidative stress damage; an 
increase in SOD activity and quantity, suggesting increased antioxidant capacity; and an 
increase in nuclear Nrf2, suggesting an increase in antioxidant production signaling. 
While there were many other measures and focal points of this study, this was one of the 
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first to examine exercise’s effects on Nrf2 signaling. The data suggest that exercise 
promotes Nrf2 activation and subsequent antioxidant production. However, there are 
many limitations and variables that remain unknown. This study did not examine the 
effects of exercise on total Nrf2 levels or the pre- to post-training changes in KEAP1, 
which is a major factor in regulating Nrf2. Additionally, these changes were only 
observed in the PRT, which may not correlate to changes found in other tissues. 
However, being the first study to examine the effects of exercise on Nrf2 is important as 
it led to a demonstrated response in Nrf2 activation and possible mediation of antioxidant 
response systems.  
 A couple of years later, this team, this time led by Liza George, conducted a 
similar study where Fischer rats were exercised on a treadmill at 12 m/min and 15 degree 
grade for 60 min, 5 days per week, for 12 weeks in total51. In addition to longer exercise 
training, there were two ages of rats (3 months and 21 months old) undergoing exercise 
training, with age-matched sedentary controls, for four total groups. By doing this, the 
team was able to assess the aging-based differential response to exercise. Again, the 
focus of their study was on PRT tissues and the dopamine receptor responses in the 
tissues; however, they again measured nuclear Nrf2 (but not whole cell) and downstream 
antioxidants and activity. The results demonstrated similar findings to their previous 
study: decreased malondialdehyde (MDA), increased nuclear Nrf2, and increased 
antioxidant capacity. However, it appeared that the older rats had greater levels of MDA, 
increased levels of nuclear Nrf2, and different antioxidant responses. The SOD response 
between adult and old rats was fairly similar; however, the HO1 response was much 
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higher in exercised old rats than in younger groups. The increased signaling (increased 
Nrf2) in the elder rats suggests a compensatory mechanism for either higher damage 
(increased MDA) or potentially diminished capacity to manage the damage and stress 
through other means. The differential response in antioxidants suggests that there may be 
an alteration in the translational or post-translational regulation of ARE genes that are the 
target of Nrf2. However, the authors did examine NF-kB in this study, as it has overlap 
with SOD1 and HO1 genes. They found a similar pattern in NF-kB as they did with Nrf2, 
suggesting that the two transcription factors respond similarly to exercise.  However, this 
did not fully explain the altered pattern of HO1 expression. Similarly to the first study, 
there was no inclusion of whole cell Nrf2 or any KEAP1 measurements. The study 
provided evidence for an age-related response, which is important for antioxidants’ 
connection to aging-related illnesses. 
 In 2012, Gounder et al. followed a similar approach to this exercise, oxidative 
stress, and aging model using cardiomyocytes from C57/BL6/SJ mice17. Young (2 
months) and old (23 months) mice were exercised for 6 weeks of 50 minutes per day at 
10m/min and 7% grade. The cardiomyocytes were assessed for nuclear Nrf2, a number of 
proteins that are part of ARE-related genes, and oxidative stress markers. There was a 
noted decrease in Nrf2 and increase in oxidative stress in sedentary older mice compared 
to sedentary young mice. After exercise training, it appeared that most of the ARE-
related antioxidants were elevated compared to sedentary controls, but that younger mice 
had a larger increase compared to older mice. In addition, nuclear Nrf2 was lower for 
older mice than younger mice both pre- and post-training; the difference between the two 
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ages was less pronounced after exercise training. This study provides additional evidence 
that Nrf2 has altered responses in older mice compared to younger mice, but that exercise 
tends to increase its nuclear translocation.  
In 2016,  Merry and Ristow trained mice for 6 weeks, 5 times per week, on a 
treadmill52. The results demonstrated that mRNA for Nrf2 increased significantly after 6 
weeks of training, and mRNA for Nrf2 targets also increased. It is important to note that 
at least 36 hours passed since the last training session, so these increases likely are 
representative of an elevated basal state. Additionally, inclusion of a Nrf2 knockout 
model undergoing the same training demonstrated less overall down-stream protein 
production. This suggests that Nrf2 is a required part of this pathway, and plays a 
valuable role in producing antioxidants. However, this study did not measure Nrf2 
protein levels, cellular subfractions, or Nrf2 activation. Nrf2 mRNA only suggests a 
transient signal to provide more Nrf2; given its short half-life (20-200 minutes) this 
enhanced signal to increase Nrf2 activation may have occurred but remains speculative. 
This study did not examine many regulatory points nor final antioxidant protein level, but 
it is one of a few studies to assess NRF2 in a chronic exercise training model. 
  Since these initial studies, less work has been done on the specific changes in the 
pathway regulation, but some studies still include Nrf2 in the measurements as a 
secondary purpose to a pathological condition. In 2019, Yu et al. published their study 
examining exercise training in female Sprague-Dawley rats, with either high fat diet or 
control diet53. The exercise was 30min per day on a rotarod for 9-12 weeks, and 
hamstring and gastrocnemius muscles were examined for Nrf2 and KEAP1 levels using 
 
38 
western blot analysis. This is significant as this is the first known study that examined 
KEAP1 protein changes due to exercise training. The results demonstrated an increase in 
Nrf2 levels as a result of exercise training, regardless of diet. Additionally, there was a 
slight but significant reduction in KEAP1 due to exercise training, regardless of diet. 
When examining SOD1, a target of Nrf2, there was increased protein levels in rats that 
were exercised, regardless of diet. The results together suggest that exercise training 
modulates the Nrf2 and KEAP1 levels, which ultimately impacts the levels of 
antioxidants produced. While there was no direct translation of a Nrf2/KEAP1 ratio, it 
appears that this measure may change as a result of training, and that this ratio change 
may correlate to the changes in antioxidant production. While the rotarod training may be 
a form of exercise, it may cause a slightly different response than exercise training on a 
treadmill, due to its increased motor coordination utilization and different muscle 
recruitment patterns. This appeared to be enough of a stimulus to cause a response but 
use of a treadmill may lead to slightly different results. These results add to the emerging 
body of evidence that exercise alters the KEAP1/Nrf2 pathway, and the ratio of these two 
proteins that affect the antioxidant capacity of the cell.  
 A recent study by Rahimi et al. in 2021 was another study to examine KEAP1 
protein in a type-2 diabetes mouse model54. For this study, 35 C57BL/6 mice were used, 
in seven different groups (n=5/group). These mice were induced with type 2 diabetes by 
inactivity and diet supplementation. Then, mice were treated with combinations of a 
salvia blend, salvia, metformin, and exercise. For our purposes, the control, diabetes, and 
exercise+diabetes groups are the ones of interest. The particular tissue of interest was 
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liver, for all dependent variables. At basal levels, the diabetes group had much less Nrf2 
(whole cell) and much higher KEAP1 levels than control mice. This indicates that the 
upstream redox signaling molecules are altered in diabetes mellitus. While there was no 
diabetes negative with exercise control group, the exercise component looked at diabetes 
positive and sedentary as the control group with diabetes and exercise as the intervention 
group. The exercise consisted of 8 weeks of exercise, 5 days per week, 45 minutes per 
session, training at 0 degree grade, with an initial speed of 10 m/min. Speed was then 
increased 3 m/min until the final session was at 25 m/min. The exercise+diabetes group 
showed a marked recovery in Nrf2 and KEAP1 protein levels, similar to that of the 
original control group (although not directly tested with a statistical measure). The results 
from this study indicate that Nrf2 increases and KEAP1 decreases in response to exercise 
training over 8 weeks. However, it is important to note that these are in diabetes mice, 
which means that exercise plays a restorative function in these proteins, and does not 
necessarily represent changes that would occur in otherwise apparently healthy mice. 
Additionally, these represent liver changes, and not necessarily changes that would occur 
in other tissues. While this study does not answer many questions regarding exercise 
adaptations in the full Nrf2/KEAP1 adaptation, including cellular localization, it is one of 
few studies addressing KEAP1 changes in response to exercise training, and reflects 
findings that are similar to those of Yu et al, in 2019.  
 Although chronic exercise training has been the primary focus of the few studies 
examining the KEAP1/Nrf2 pathway, a few studies have attempted to assess the acute 
effects of exercise. The first study focusing on the KEAP1/Nrf2 pathway with exercise 
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was by Muthusamy et al. in 2012. Exercise was used as an acute stress in this study, with 
two consecutive days of 60 minutes on a treadmill at 14 m/min and 10% grade. This 
methodology was performed both in wild-type and Nrf2-/- knockout mice. Mice were 
sacrificed immediately upon cessation of the second exercise session, and heart tissue 
was harvested for analysis. Exercise caused an increase in Nrf2/ARE binding activity, 
and a large increase in nuclear Nrf2 protein levels; change in whole-cell Nrf2 was not 
measured. Upon examining downstream antioxidants (protein levels), the wild-type mice 
appeared to increase enzyme production for some, but not all Nrf2 target genes with 
exercise There were significant increases in G6PD, GCLm, and HO1, but not in catalase, 
GCLc, NQO1, GSR, or GPX1. Nrf2-/- mice demonstrated overall lower levels of 
antioxidants at baseline, and typically a reduction in most enzymes after exercise. 
However, HO1 was higher in baseline than wild-type controls and had an increase after 
exercise. This demonstrates that there may be regulation of this gene outside of Nrf2; in 
some studies, NF-kB has been suggested to increase HO1 production as well as Nrf255. 
The work of Li et al. followed in 2015 to examine the duration effect of 
exercise56. For their study, they used C57BL/6J mice exercising for a single one- or six-
hour session at 20m/min and 5% grade and harvested whole hindlimb skeletal muscle. 
From these results, they found that Nrf2/ARE binding activity (through a transcription 
factor activation kit) was increased significantly after the 6-hour bout of exercise, but not 
after the one-hour bout of exercise. Additionally, when examining Nrf2 protein levels, 
there were significant increases in protein levels found in the nucleus after 6 hours, but 
not after 1 hour. KEAP1 was measured as well during this study and demonstrated a 
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significant increase in protein levels after 6 hours of exercise, and a modest but 
statistically insignificant increase after 1 hour of exercise. Downstream antioxidant 
targets of Nrf2 (GCLc, GCLm, SOD1, SOD2, CAT, HO1) all showed significant 
increases in mRNA levels after exercise, with longer duration leading to higher increases.  
This study is mostly in agreement with the work from Muthusamy, however, there 
remain questions about the duration. Muthusamy did two 1-hour exercise sessions over 
two days and found significant changes in the results, but Li found no differences 
immediately after a 1- hour exercise training session. It seems plausible that the back-to-
back days of Muthusamy was enough to see residual changes from the prior day as well 
as a preconditioning effect. Li suggests that even at a higher speed than Muthusamy’s 
work, 1 hour is insufficient, but 6 hours was more than enough to elicit a response.  
The only other study to examine the effects of duration came a year later in 2016, 
when Wang et al. performed a study examining the Nrf2 response in ICR/CD-1 mice 
exposed to different acute exercise bouts (45, 90, 120, or 150 minutes). Using 
gastrocnemius and quadriceps muscles, a linear increase in Nrf2 mRNA was seen from 
45 up to 120 minutes, with a slight decrease from 120 to 150 minutes. The protein levels 
of Nrf2 did not have a significant increase at 45 minutes of exercise but appeared to have 
an increased and plateaued response in protein levels after 90 minutes. Together, these 
results may suggest that during exercise, there is a signal to make more Nrf2, and that 
signal continues to increase, making more Nrf2 mRNA; once the Nrf2 has increased, the 
level of mRNA begins to come back down. The protein levels of SOD1 did not change 
throughout any duration of exercise, whereas SOD2 followed a similar response to the 
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Nrf2 protein levels (plateauing after 90 minutes). While this demonstrates the importance 
of Nrf2 in producing protective antioxidants, there are a number of pieces missing from 
this study. There is no observation of KEAP1 which may describe the regulation of Nrf2, 
and there was no nuclear fraction measure of Nrf2 or its binding activation. Compared to 
the other studies, it does appear that less than 60 minutes potentially causes an 
insignificant change in Nrf2 activation. These findings suggest that 90 minutes is 
sufficient duration to find Nrf2 changes in a single bout of exercise (if at the proper 
intensity). However, as with many exercise studies, repeated bouts of exercise will alter 
the antioxidant levels, so it may not be necessary to do as extensive duration to see some 
of these physiological changes (also dependent on intensity and age of the subjects). 
Since these three aforementioned studies, not much work has been done on 
understanding the relationship between duration and Nrf2 response. However, a few 
studies have also been conducted to examine the effects of exercise intensity on the Nrf2 
pathway. 
In 2017, Done, Newell, and Traustadottir used human subjects to examine the 
intensity effect of exercise on the Nrf2 pathway. The study was a cross-over design using 
two 30 min exercise bouts on a cycle ergometer, one being High Intensity Interval 
Training (HIIT; 90% VO2max for 1 min and 60% VO2max for 2 minutes, after a graded 
warmup), and the other was a continuous workload bout (CW; 70% VO2max). Blood was 
taken before, immediately after, and 30 minutes after the exercise session; this blood was 
then used to isolate peripheral blood mononuclear cells (PBMCs), which were used for 
Nrf2 analysis. From before to after the exercise session, whole cell Nrf2 was not 
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significantly affected in either HIIT or CW groups. When examining nuclear Nrf2, there 
was a time effect after 30 minutes post-exercise, but no significant effect in trial type. In 
this study, one of the few done in human subjects, 30 minutes of moderate-to-high 
intensity exercise appeared to be sufficient to lead to Nrf2 nuclear translocation, 
regardless of exercise type. However, whole cell Nrf2 was not changed; this may be a 
function of lack of duration, as outlined before, or a lack in measuring regulatory 
mechanisms. KEAP1 has a strong influence on sequestering and release of Nrf2 and 
should be factored in. No direct measures of protein levels were measured to assess the 
downstream effects of the pathway, but some enzyme activities were measured, with no 
significant differences.  
 Since Nrf2 is a transcription factor, it has been more widely accepted that the 
nuclear location of Nrf2 is more biologically relevant than whole cell levels. However, 
most studies just examine one measure or the other, which leads to a tough interpretation. 
Many of the studies done thus far have used the Nrf2 TransAm Activation kit, which is a 
kit aimed at determining transcription factor activation, by pulling down Nrf2 bound to 
DNA and labeling with a Nrf2-HRP antibody. While this may be a quicker way to 
measure Nrf2 activity, the lack of cytosolic Nrf2, nuclear Nrf2, and cytosolic KEAP1 
leaves a fundamental gap in understanding the pathway’s responses to exercise.  
Since KEAP1 is considered to be an inhibitor of Nrf2’s biological availability, as 
well as the target of the E3 ligase, cullin-3, which aids in the degradation of Nrf2. Thus, 
KEAP1 plays an important regulatory role in the relevance of Nrf2. While studying Nrf2 
in isolation could lead to understanding, no known research to date has evaluated the 
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changes in KEAP1 levels in response to regular exercise training, which is important to 
consider.  
If cytosolic KEAP1 levels increase and Nrf2 increases, this might suggest an 
adaptation to raise the NRF2 level for a stress condition. If the ratio decreases – that is 
KEAP1 levels are not matched to NRF2 then this might be a transitionary phase to 
change the level based on the stress.  Or it might mean that there was a need to down 
regulate the antioxidant protection.  If levels go down this might suggest less protection 






 For this study, both C57BL/6 wildtype mice and a LC3-transgenic mouse model, 
which is bred on a C57BL/6 strain, were used. Mice had ad libidum access to water and 
food, consisting of a standard chow diet. Mice followed a typical 12:12 light:dark cycle. 
Mice were divided into sedentary and chronic exercise groups and beginning intervention 
between 8 and 12 weeks of age. The sedentary group consisted of 9 mice, while the 
exercise group contained 14 mice. Sedentary mice were sacrificed at the same time as 
exercise mice, with no intervention over the same time course. All mice were bred from 
the same distributor, and internally maintained from breeder rotation. 
 The University of North Carolina Greensboro Institutional Animal Care and Use 
Committee (IACUC) approved all procedures and experiments prior to animal testing. 
Exercise Training 
 Exercise training occurred on a rodent treadmill with a 12-lane divider. The 
divider was outfitted with a shock grid at the rear of each lane to encourage mice to run. 
Additionally, mice were deterred from the back of the lane with a bottle brush gently 
nudging their tail from underneath the divider when needed.  
 Mice exercised 5 days per week (Monday-Friday) between 0800 and 1200 (during 
the light cycle) for 8 weeks, following the protocol outlined in Supplement 1. The 
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protocol was designed to increase speed and/or grade every 2 weeks and be about 65% of 
VO2max for mice57.  
Sacrifice and Tissue Harvest 
 At the end of 8 weeks, mice were sacrificed at 48 hours after the last training 
session to evaluate basal biological marker levels. Mice were anesthetized using 
sulforaphane, followed by cervical dislocation. Gastrocnemius, soleus, superficial (white) 
quadriceps, and deep (red) quadriceps were harvested into 1.5 ml microcentrifuge tubes 
and flash frozen using liquid nitrogen. Samples were then stored at -80 oC for future 
analysis.  
 Upon preparation, samples were thawed, and approximately 30mg of quadriceps 
separations or gastrocnemius tissue were combined with 500 µL of lysis buffer (10mM 
HEPES, 10mM KCl, 0.1mM EDTA, 0.5mM MgCl2, 1mM dithiothreitol, 0.1mM phenyl 
methylsulfphonyl fluoride, and 1% Triton-X; pH 7.9) and homogenized using a QIAGEN 
TissueLyser LT Tissue Homogenizer (Hilden, Germany). Since soleus muscles did not 
have 30mg of tissue, both left and right soleus were combined (12-15mg total) and 
homogenized in 250uL of buffer. The homogenate was then centrifuged at 5200 rpm 
2416  x g  for 5-6 minutes at 4 degrees Celsius. The supernatant was collected as the 
cytosolic fraction, while the pellet was saved to be used as the nuclear fraction. The 
nuclear pellet was washed with lysis buffer to rinse away cytosolic contaminants, and 
then the nuclear pellet was resuspended in 500 µL nuclear lysis buffer (20mM HEPES, 
420mM NaCl, 0.1mM EDTA, 25% glycerol, 1mM dithiothreitol, and 0.5mM phenyl 
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methylsuphonyl fluoride; pH 7.9). This nuclear fraction underwent another centrifuge 
cycle at 5719 x g for 10 minutes at 4 degrees Celsius.  
Bradford Assay 
 In order to determine the protein content in each sample, 30ul of sample was 
combined with 150ul of Bradford Reagent (50mg Brilliant Blue, 50ml methanol, 100ml 
of 85% H3PO4, 850ml dH2O). A standard curve using bovine serum albumin was created 
with concentrations ranging from 0-2000ug/ml. Samples and standards were pipetted into 
a 96 well plate and read at 595nm wavelength using a Gen5 BioTek Microplate reader 
(BioTek; Winooski, VT, USA). All samples were determined at least in duplicate.  
Western Blot Analysis 
 Cytosolic and nuclear subfractions were thawed and analyzed using BCA analysis 
for protein content. From the results of the Bradford Assay, a volume delivering an 
estimated 30 ug of protein combined with 6x Laemmli Sample Buffer was boiled for 10 
minutes and then loaded in each well of a 10-well 4-12% Bis-Tris graded gel 
(ThermoFisher; Waltham, MA, USA). Additionally, MagicMark XP Western Protein 
Standard (ThermoFisher; Waltham, MA, USA) was loaded into the first lane of each gel 
for molecular weight comparisons. Using MOPS running buffer in a mini-gel NuPage gel 
apparatus (ThermoFisher; Waltham, MA, USA), gel electrophoresis was performed for 
55 minutes at constant 200V. The proteins were then transferred to a PVDF membrane 
(ThermoFisher; Waltham, MA, USA) using the same NuPage apparatus with a transfer 
sandwich apparatus for 30 minutes at constant 15V.  
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 After transfer of the membrane was complete, the rest of the membrane was 
blocked using a 5% bovine serum albumin solution. Primary antibodies were used to 
identify the protein of interest in a 1:1,000 dilution in 5% BSA. The primary antibodies 
(anti-KEAP1, anti-Nrf2, anti-HO1, anti-SOD1, and anti-GAPDH) were prepared all in 5 
mL of 5% BSA solution, each at a 1:1000 dilution. After a one-hour incubation in the 
primary antibody solution, the membrane was washed with 1X Tris-Buffered Saline, 
0.1% Tween® 20 Detergent (TBST) for 10 minutes.  
Using a GE Amersham Typhoon 5 imager (GE; Boston, MA, USA), blots were 
imaged using five different laser/filter combinations (488/Cy2LP, 532/Cy3LP, 
635/Cy5LP, 685/IR short, 785/IR long; see appendix 2 for laser/filter/fluorophore 
compatibility). KEAP1, Nrf2, SOD1, and HO1 levels were normalized to GAPDH levels 
using ImageJ (NIH; Bethesda, MD, USA).  
Statistical Analysis  
Multivariate analyses were conducted in SAS (SAS; Cary, NC, USA), while 
multivariate normality, Pearson correlations, and graphs were all performed in RStudio 
(version 1.1.383, running R version 4.0.3, using packages tidyr, dplyr, MVN, and 
ggplot2). The a priori alpha level was set at 0.05. A repeated-measures multivariate 
analysis of variance (rm-MANOVA) was used to test the main effects of exercise, the 
within-subjects effect of muscle, and the interaction effect of exercise and muscle. 
Pearson correlations were used between nuclear Nrf2 and downstream antioxidants, as 







 Since dependent variables (proteins) were expected to be a part of the same 
pathway and have similar responses in exercise training, Pearson correlations were 
performed between each protein to determine the degree of correlations between 
dependent variables. In many cases, high degree of collinearity between dependent 
variables warrants multivariate analyses. Results of the correlation matrix are shown in 
table 1, and demonstrate many significant correlations between outcome measures, 
suggesting multivariate analyses may be the best analysis technique. 
 
Table 1. Correlation table of protein dependent variables, regardless of muscle group. *denotes 
significance of p < 0.05 
 Nuc. Nrf2 Cyt. Nrf2 HO1 SOD1 
KEAP1 r = 0.073 
p = 0.493 
r = 0.604 
p < 0.001* 
r = 0.248  
p  = 0.018* 
r = 0.454  
p < 0.001* 
Nuc. Nrf2  r = 0.192 
p = 0.070 
r = 0.135 
p = 0.209 
r = 0.245  
p = 0.020* 
Cyt. Nrf2   r = 0.397  
p < 0.001* 
r = 0.335 
p = 0.001* 
HO1    r = 0.348 




Table 2. Correlation matrices of dependent variables (proteins) by muscle group using Pearson 
correlations. 
  Nuc. Nrf2 Cyt. Nrf2 HO1 SOD1 
Gastroc. KEAP1 r = -0.125 
p = 0.57 
r = 0.649 
p < 0.001* 
r = 0.444 
p = 0.03* 
r = 0.319 
p = 0.14 
 Nuc. Nrf2   r = 0.078 
p = 0.72 
r = 0.053 
p = 0.81 
r = 0.189 
p = 0.39 
 Cyt. Nrf2     r = 0.418 
p = 0.047* 
r = 0.335 
p = 0.12 
 HO1       r = 0.020 
p = 0.93 
Soleus KEAP1 r = 0.497 
p = 0.02* 
r = 0.833 
p < 0.001* 
r = 0.501 
p = 0.02* 
r = 0.250 
p = 0.26 
 Nuc. Nrf2   r = 0.405 
p = 0.06 
r = 0.198 
p = 0.38 
r = 0.338 
p = 0.12 
 Cyt. Nrf2     r = 0.447 
p = 0.04* 
r = 0.179 
p = 0.42 
 HO1       r = 0.274 
p = 0.22 
Superficial 
Quad 
KEAP1 r = 0.188 
p = 0.39 
r = 0.731 
p < 0.001* 
r = 0.634 
p = 0.001* 
r = 0.321 
p = 0.13 
 Nuc. Nrf2   r = -0.134 
p = 0.54 
r = -0.120 
p = 0.59 
r = 0.071 
p = 0.75 
 Cyt. Nrf2     r = 0.654 
p < 0.001* 
r = 0.644 
p < 0.001* 
 HO1       r = 0.311 
p = 0.15 
Deep Quad KEAP1 r = -0.081 
p = 0.72 
r = 0.624 
p = 0.002* 
r = 0.303 
p = 0.17 
r = 0.462 
p = 0.03* 
 Nuc. Nrf2   r = 0.406 
p = 0.06 
r = 0.115 
p = 0.61 
r = 0.076 
p = 0.73 
 Cyt. Nrf2     r = 0.687 
p < 0.001* 
r = 0.469 
p = 0.03* 
 HO1       r = 0.418 
p = 0.05 
 
 
 Correlation matrices separated by muscle group revealed less overall correlation 
between dependent variables, likely due to decreased sample size, but illustrate that 







Figure 2. Multivariate Q-Q plot for normality of untransformed data. 
 
 
 Mardia tests for multivariate skewness and kurtosis both showed violations of 
multivariate normality (p < .001). Additionally, Shapiro-Wilk tests for univariate 
normality showed violations in univariate normality in all dependent variables (p < .001).   
Examination of the Q-Q plot (Figure 1) reveals that there is a large skew in the data. 
Examining the histograms (Figure 2) for each dependent variable in each group, it 
appears that there are some variables with positive skew and likely present as outliers in 
the data. 
 
Table 3. Multivariate tests for skewness and kurtosis for untransformed data 
Test Statistic P Value 
Mardia Skewness 368.341 3.16e-57* 
Mardia Kurtosis 15.494 0* 
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KEAP1 0.7586 <0.001* 
Cyt. Nrf2 0.7561 <0.001* 
Nuc. Nrf2 0.8543 <0.001* 
SOD1 0.8594 <0.001* 




Figure 3. Histograms of protein levels, normalized to GAPDH, separated by exercise/sedentary 






Table 5. Univariate normality measures for untransformed dependent variables. Acceptable skew 
values were expected to be within -2 to +2; kurtosis values expected in the range of -7 to +7. 
Protein N Mean Std.Dev. Skew Kurtosis 
KEAP1 92 0.7826292 0.5630070 2.620191 9.496155 
Cyt. Nrf2 92 0.7375909 0.4195829 1.705967 3.666213 
Nuc. Nrf2 92 2.2640429 1.5014878 2.416328 7.127872 
SOD1 92 1.0168997 0.3441429 1.104644 1.726374 
HO1 92 0.4360454 0.2542988 1.879283 5.926578 
 
Data Transformation 
 Since all dependent variables were suggested to violate normality, each variable 
was transformed using a natural logarithm. Log transformation is a common practice 
among biological samples where observations are all positive but follow a log-normal 
distribution pattern; after log transformation, the distribution pattern resembles a normal-
distribution, allowing for statistical tests to be conducted. After retesting for normality, 
multivariate normality analysis still showed violations in multivariate skewness, but not 




Figure 4. Multivariate Q-Q plot for normality of log transformed data. 
 
Table 6. Multivariate tests for skewness and kurtosis for log transformed data. 
Test Statistic P Value 
Mardia Skewness 53.595 0.023* 








KEAP1 0.9800 0.180 
Cyt. Nrf2 0.9733 0.0606 
Nuc. Nrf2 0.9808 0.2086 
SOD1 0.9802 0.1857 






Table 8. Univariate normality measures for log transformed dependent variables. Mean and 
standard deviation values are from log-transformed, normalized to GAPDH. Acceptable skew 
values were expected to be within -2 to +2; kurtosis values expected in the range of -7 to +7. 
Protein N Mean Std.Dev. Skew Kurtosis 
KEAP1 92 -0.41251 0.60298 -0.05269 0.97200 
Cyt. Nrf2 92 0.66820 0.55935 0.04232 0.98431 
Nuc. Nrf2 92 -0.42676 0.52828 -0.19063 0.71533 
SOD1 92 -0.93137 0.48827 0.27948 -0.06532 





Figure 5. Histograms of protein levels, normalized to GAPDH, separated by exercise/sedentary 





Interaction Effect  
Table 9. Results from the test for interaction effect between muscle type and exercise on protein 









freedom P value 
Wilks’ Lambda 0.423 0.636 15 7 0.782 
Pillai’s Trace 0.577  0.636 15 7 0.782 
Hotelling-Lawley Trace 1.362 0.636 15 7 0.782 




The test for interaction effects between exercise and muscle type revealed no significant effect 
(Wilks’ = 0.432, F = 0.636, p = .782). Main effects were examined as a follow-up. 
Exercise Effect 
 A repeated-measures multivariate analysis of variance showed no overall 
difference in proteins between exercise and sedentary groups (Wilks = .610, F = 2.171, p 
= .106).  
 
Table 10. Results from the test for effect of exercise on protein using a repeated measures 









freedom P value 
Wilks’ Lambda  0.610 2.171 15 17 0.106 
Pillai’s Trace  0.390 2.171 15 17 0.106 
Hotelling-Lawley Trace  0.639 2.171 15 17 0.106 




Muscle Effect  
Table 11. Results from the test for effect of muscle on protein using a repeated measures 










freedom P value 
Wilks’ Lambda 0.192 15.44 15 7 0.186 
Pillai’s Trace 0.808 15.44 15 7 0.186 
Hotelling-Lawley Trace 4.213 15.44 15 7 0.186 




There was no main effect of muscle type on protein levels (Wilks’ = .192, F = 15.44, p = 
0.186). This suggests that at the multivariate level, muscles do not differ in their protein levels 
between exercise and sedentary groups. 
Univariate Analyses 
Given that multivariate normality violations occurred even after transformation 
and observed power was low (0.439) due to low sample size and skewness violations, 
univariate repeated measures ANOVAs were performed. Results from each univariate 




Table 12. Univariate ANOVA table for log transformed cytosolic KEAP1. *denotes significance 
at the alpha = 0.05 level. Sphericity was violated, and within-subjects results are reported as 
Greenhouse-Geisser test results. 
Protein Error Measure Df Type III 
Sum of 
Sq. 
Mean Sq. F value P 
KEAP1 Between Exercise 1 2.512 2.512 2.90 0.104 
Residuals 21 18.220 0.868   
Within Muscle 2.122 0.965 0.455 1.450 0.245 
Muscle x 
Exercise 
2.122 0.473 0.223 0.711 0.505 
Residuals 63 13.980 0.222   
 
There was no significant effect of exercise, muscle, or interaction terms on 
KEAP1 concentration. Due to the low power of this study and a trend towards 
significance, the results do not necessarily suggest that there is no effect of exercise on 
KEAP1. Rather we cannot suggest that there is a statistically significant effect using this 
methodology and sample size. 
 
Table 13. Univariate ANOVA table for log transformed cytosolic Nrf2. *denotes significance at 
the alpha = 0.05 level.  





F value P 
Cytosolic 
Nrf2 
Between Exercise 1 1.5522 1.5522 2.768 0.111 
Residuals 21 11.776 0.5608   
Within Muscle 3 0.192 0.064 0.340 0.797 
Muscle x 
Exercise 
3 0.974 0.325 1.728 0.170 
Residuals 63 11.845 0.188   
 
Similar to KEAP1, there is an apparent non-significant effect of exercise on Nrf2 
that could be attributed to low power and could provide significance if a larger sample 
size or different methodology was utilized. However, lower F values for muscle and 
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interaction terms (0.340 and 1.728, respectively) suggest that there is no significant trend 
in these terms. 
 
Table 14. Univariate ANOVA table for log transformed nuclear Nrf2. *denotes significance at the 
alpha = 0.05 level. 
Protein Error Measure Df Type III 
Sum of 
Sq. 
Mean Sq. F value P 
Nuclear 
Nrf2 
Between Exercise 1 5.695 5.695 8.977 0.007* 
Residuals 21 13.324 0.634   
Within Muscle 3 0.535 0.178 1.317 0.277 
Muscle x Exercise 3 1.161 0.387 2.858 0.044* 




 Nuclear Nrf2 noted a significant interaction effect (F = 2.858, p = 0.044), which 
may cause issues when interpreting the main effects, so both simple main effects (Table  
14) and pairwise comparisons were made using Tukey post hoc corrections (Table 15). 
Table 15. Simple main effects for the nuclear Nrf2 repeated measures ANOVA. 
Protein Muscle SS Df Mean 
Sq. 





Gastrocnemius 1.292 1 5.695 4.438 0.047* 
Soleus 1.041 1 0.634 6.082 0.022* 
Superficial Quad 0.320 1 0.178 1.079 0.205 
Deep Quad 4.203 1 0.387 10.756 0.004* 
 
 Simple main effects illustrated significant differences between exercise groups in 
the gastrocnemius (F = 4.438, p = 0.047), soleus (F = 6.082, p = 0.022), and deep 
quadriceps (F = 10.756, p = 0.004). This suggests that exercise increases nuclear-located 




Table 16. Univariate ANOVA table for log transformed cytosolic HO1. *denotes significance at 
the alpha = 0.05 level. 
Protein Error Measure Df Type III 
Sum of 
Sq. 
Mean Sq. F value P 
HO1 Between Exercise 1 0.27 0.2700 0.392 0.538 
Residuals 21 13.76 0.6882   
Within Muscle 3 1.883 0.628 8.157 <0.001* 
Muscle x 
Exercise 
3 0.221 0.074 0.956 0.419 
Residuals 63 4.848 0.077   
 
 
Figure 6. Total HO1 response by muscle. Data represented is untransformed, raw data. *denotes 
significant differences at p < 0.05 between groups determined by Bonferroni adjustment. 
 
 Heme oxygenase-1 did not show a significant interaction effect nor a main effect of 
exercise. However, it did show a significant difference across muscles (F = 8.157, p < 0.001). 
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This indicates that muscles differ in overall quantity of HO1 but does not appear to change with 
significantly with the exercise in this study. In this case, the gastrocnemius was significantly 
higher than from the deep quadriceps muscle, and the soleus was significantly greater than both 
superficial and deep quadriceps in HO1 quantity. 
 
Table 17. Univariate ANOVA table for log transformed cytosolic SOD1. *denotes significance at 
the alpha = 0.05 level. 
Protein Error Measure Df Type III 
Sum of 
Sq. 
Mean Sq. F value P 
SOD1 Between Exercise 1 0.4306 0.4306 3.887 0.062 
Residuals 21 2.3262 0.1108   
Within Muscle 3 1.979 0.660 9.379 <0.001* 
Muscle x 
Exercise 
3 0.467 0.156 2.215 0.095 





Figure 7. Total SOD1 response by muscle. Data represented is untransformed, raw data.  
*denotes significant differences at p < 0.05 between groups determined by Bonferroni 
adjustment. 
 
 Superoxide dismutase 1’s p-value similarly did not reach the a priori alpha level 
of 0.05 for the exercise main effect (F = 3.887, p = 0.062), but did have a muscle 
significant muscle effect (F = 9.379, p < 0.001). This means the exercise protocol used in 
this study did not reach statistical significance to induce a significant change in SOD1 
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levels in all muscles, but with a p-value of 0.062, it is worth considering that 
methodological changes, namely sample size, would likely bring it into the range of 
significance. However, the differences in muscles remains highly significant, reflecting a 
difference in SOD1 concentrations between muscles. The soleus demonstrated increased 
SOD1 relative to all other muscle groups, with no other noted differences. 
It is also worth noting that the exercise by muscle interaction effect was not 
statistically significant but did have a p-value less than 0.1, indicating consideration for 
future research. This would indicate that all muscles examined did not have similar 
changes in SOD1 in response to this particular exercise training, so this makes 






Figure 8. Log-transformed protein levels in different muscles for both sedentary and 
exercise groups. The data is represented as boxplots where the box is the inter-quartile 
range(Q1 to Q3), whiskers represent the most extreme value in the theoretical range of 
data (Q1 – 1.5*IQR; Q3+ 1.5*IQR), and dots represent outliers outside of the theoretical 
range of data. 
Figure 8 demonstrates visual differences in all proteins observed in the study, 
separated by muscle and exercise group for visual purposes. This graph provides a visual 






Figure 9. Log-transformed /KEAP1 expressed as a ratio in each muscle between exercise and 
sedentary groups. The data is represented as boxplots where the box is the inter-quartile 
range(Q1 to Q3), whiskers represent the most extreme value in the theoretical range of 
data (Q1 – 1.5*IQR; Q3+ 1.5*IQR), and dots represent outliers outside of the theoretical 
range of data. 
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Table 18. Univariate ANOVA table of log transformed Nrf2/KEAP1 ratio. *denotes significance 
at the alpha = 0.05 level. 









Between Exercise 1 0.101 0.1008 0.205 0.655 
Residuals 21 10.317 0.4913   
Within Muscle 3 0.293 0.09753 0.562 0.642 
Muscle x 
Exercise 
3 0.094 0.03140 0.181 0.909 
Residuals 63 10.932 0.17353   
 
 
 The total ratio of Nrf2/KEAP1, log transformed, was not significant for exercise, 
muscle, or muscle by exercise interaction effects using a repeated-measures ANOVA. 




Figure 10. Log transformed cytosolic Nrf2/KEAP1 ratios in each muscle by group. The data is 
represented as boxplots where the box is the inter-quartile range(Q1 to Q3), whiskers represent 
the most extreme value in the theoretical range of data (Q1 – 1.5*IQR; Q3+ 1.5*IQR), and dots 
represent outliers outside of the theoretical range of data. 
 
Table 19. Univariate ANOVA table for log transformed Cytosolic ratio of Nrf2/KEAP1. *denotes 
significance at the alpha = 0.05 level. 









Between Exercise 1 0.155 0.155 0.278 0.604 
Residuals 21 8.695 0.414   
Within Muscle 3 0.983 0.3277 1.498 0.224 
Muscle x 
Exercise 
3 0.131 0.0436 0.199 0.897 
Residuals 63 13.777 0.2187   
 
 
A univariate repeated measures ANOVA was performed for Nrf2/KEAP1 ratio 
for total amounts (nuclear + cytosolic), as well as cytosolic only, in order to assess 
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whether or not the ratio changed due to exercise. Results demonstrate no significant 
effect of exercise on the Nrf2/KEAP1 ratio, either expressed as total Nrf2/KEAP1 (F = 
0.467, p = .585) or as cytosolic Nrf2/KEAP1 (F = .379, p = .545). 
Correlations between Nrf2 and Antioxidant Production 
 In order to better understand if inclusion of KEAP1, in the form of the 
Nrf2/KEAP1 ratio, Pearson correlations were conducted to examine the strength of 
relationship increased between signaling molecules and down-stream antioxidants. 
Nuclear-located Nrf2 was compared with HO1 and SOD1 as the ‘baseline’ for strength of 
relationship between signaling molecule and antioxidant production (Figures 11, 13). The 
relationships were also divided by exercise and sedentary groups to determine if the 
relationships were any different between groups (Figures 12, 14). These analyses were 
then conducted with Nrf2/KEAP1 ratios to assess whether or not the relationship 
strengthened. Both cytosolic Nrf2/KEAP1 (Figures 15-18) and total Nrf2/KEAP1 
(Figures 19-22) ratios were used since there is no current consensus on how the ratio 













Nuclear Nrf2 significantly correlated with corresponding Total SOD1 measures in 
mice, regardless of exercise group and muscle (Figure 9). When broken up by exercise 
group, neither correlation was significant (Figure 10) but approaching significance in the 
sedentary group. 
r = 0.245  




Figure 12. Relationship between Nrf2 and total cell SOD1 in each group (both variables log 
transformed). 
r = 0.088 
p = 0.518 
r = 0.289 








 Nuclear Nrf2 did not significantly correlate with total HO1 when examining 
across all muscle groups and exercise groups (Figure 11). However, when split into 
exercise groups, the sedentary group had a significant correlation (Figure 12), whereas 
the exercise group did not.  
r = 0.135 




Figure 14. Relationship between nuclear Nrf2 and total cell HO1 in each group (both variables 
log transformed). 
r = 0.024 
p = 0.861 
r = 0.382 
p = 0.026* 
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Correlations Between Nrf2/KEAP1 Ratios and Antioxidants 
 
Figure 15. Relationship between cytosolic Nrf2/KEAP1 ratio and total HO1 content (both 
variables log transformed). 
 
 The cytosolic Nrf2/KEAP1 ratio did not appear to correlate with total HO1 when 
examined with all muscles and exercise groups together (Figure 13), nor when examined 
as separate groups based on exercise (Figure 14). 
r = 0.118 




Figure 16. Relationship between cytosolic Nrf2/KEAP1 ratio and total cell HO1 in each group 
(both variables log transformed). 
r = 0.197 
p = 0.146 
r = -0.029 




Figure 17. Relationship between cytosolic Nrf2/KEAP1 ratio and total cell SOD1 (both variables 
log transformed). 
 
 Cytosolic Nrf2 to KEAP1 ratio was near significantly correlated with Total SOD1 
(Figure 15). Of particular note, this was a negative correlation, meaning as the relative 
r = -0.201 
p = 0.055 
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amounts of Nrf2 to KEAP1 decreased, total SOD1 decreased. When divided by exercise 
groups, the correlations remained negative, but was not near significance.  
 
 
Figure 18. Relationship between cytosolic Nrf2/KEAP1 ratio and total cell SOD1 in each group 
(both variables log transformed). 
r = -0.158 
p = 0.245 
r = -0.259 




Figure 19. Relationship between total cell Nrf2/KEAP1 ratio and total cell HO1 (both variables 
log transformed). 
 
Total Nrf2/KEAP1 ratio was not significantly correlated with total HO1 across 
muscles and exercise groups (Figure 17). When divided by exercise group, correlations 
remained insignificant (Figure 18).  
r = 0.119 




Figure 20. Relationship between total cell Nrf2/KEAP1 ratio and total cell HO1 in each group 
(both variables log transformed). 
r = 0.177 
p = 0.193 
r = 0.017 





Figure 21. Relationship between total cell Nrf2/KEAP1 ratio and total cell SOD1 (both variables 
log transformed). 
 
 Total Nrf2/KEAP1 ratio was not significantly correlated with total SOD1 across 
muscles and exercise groups (Figure 19). When divided by exercise group, correlations 
between total Nrf2/KEAP1 and total SOD1 also were not statistically significant (Figure 
20).  
r = -0.141 




Figure 22. Relationship between total cell Nrf2/KEAP1 ratio and total cell SOD1 in each group 
(both variables log transformed).
 
r = -0.166 
p = 0.221 
r = -0.094 
p = 0.588 
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CHAPTER V  
DISCUSSION 
Multivariate Analysis 
 When tests for multivariate normality were conducted, the original data 
demonstrated violations in Mardia tests for skewness and kurtosis (Table 4). 
Additionally, Shapiro-Wilks tests for univariate normality showed violations in every 
dependent variable (Table 5). Data were transformed using natural log transformations in 
order to transform the data into a normal distribution. After transformation, multivariate 
kurtosis was no longer violated, but multivariate skewness was still violated. Univariate 
analysis of log-transformed dependent variables showed no violation of normality, using 
the Shapiro-Wilks test, nor showing high skew or kurtosis.  
 As a result of the transformations and normality, the multivariate rm-ANOVA 
was still performed to assess performance of the model. For the main effect of exercise, 
there was no significant effect (Wilks’ Lambda = 0.610, F = 2.171, df = 15/7, p = 0.106). 
Additionally, there was no significant effect within subjects of muscle (Wilks’ Lambda = 
0.192, F = 15.44, df = 15/7, p = 0.186). Lastly, the interaction effect between exercise 
and muscle was not significant (Wilks’ Lambda = 0.423, F = 0.636, df = 15/7, p = 0.782). 
It is important to note that observed power from the rm-MANOVA for main effect of 
exercise was 0.439; therefore, it is highly possible that the low power was responsible for 
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lack of significant differences between exercise and sedentary groups. Considering power 
is equal to 1 minus beta, beta equals 0.561, indicating a 56.1% chance of a type II error.
 Considering the assumptions of multivariate ANOVAs, tests were performed to 
assess each of the assumptions and which ones may have been violated. The results of 
these tests revealed that there are in fact multivariate outliers and violations in skewness. 
While some suggest that rm-MANOVAs are robust to violations in skewness58, high 
kurtosis is suggested to decrease power substantially in a multivariate test59. Low power 
could, however, indicate that the overall effect size is small and may ultimately be a 
‘true’ negative finding. Any future replication of this study should, at minimum, include a 
larger sample size in an attempt to increase power. However, given these findings and 
considering low sample size in addition to no violations in univariate findings, univariate 
tests were conducted to explore the relationship between exercise and muscles for each 
protein more clearly.  
KEAP1/Nrf2 Pathway 
 KEAP1 appeared to have no statistically significant trend in exercise, muscle, or 
interaction. While not statistically significant, it is worth noting that means tended to be 
slightly elevated in exercise groups in all but the superficial quad, suggesting that 
increasing sample size or training effect may provide the ability to detect a significant 
difference in some muscles. While future studies addressing increased effect and/or 
power are suggested, these are some of the first findings to represent changes in KEAP1 
with regular exercise training.  
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 Cytosolic Nrf2 also did not show any significant changes across exercise, muscle, 
or any interaction of the two. While this may conflict with some current findings that 
whole cell Nrf2 increases with exercise training23,23, it is worth noting that non-
significance may be confounded by the gastrocnemius and superficial quadriceps. Many 
findings to date have been done in myocardial tissue, which is highly aerobic60, and has 
not been confounded by more glycolytic-based muscle types. The more oxidative tissues, 
soleus and deep quadriceps, both illustrated higher differences in means between exercise 
and sedentary groups. This is more to be expected, since oxidative stress has been shown 
to occur at higher rates during exercise and antioxidant pathways are more active in these 
tissues1. 
 Nuclear Nrf2 levels, however, did show a significant exercise interaction effect. 
Because of this, the main effects could be misleading, and as such, pairwise-comparisons 
were made in order to determine which pairs of exercise and muscle were different from 
one another. What was interesting in these findings is that only the deep quad in the 
sedentary group was significantly different from almost all other exercise groups. That is 
to say that it had the least amount of nuclear Nrf2, whereas the exercised tissue was 
typically the highest in average values. The ‘main effect’ finding that was significant in 
the repeated measures ANOVA was thus largely due to this particular group and warrants 
further investigation. Based on the understanding of oxidative vs glycolytic muscle 
fibers, there was an expectation that deep quadriceps and soleus would exhibit similar 
responses in nuclear Nrf2. However, our data suggest that they were not similar, as soleus 
muscles did not significantly differ from other muscle group-exercise combinations. 
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While some of this is due to reduced power of the study, this may require further 
investigation to figure out why this phenomenon occurred.  
One possible explanation is muscle usage during exercise. While dynamics of 
muscle recruitment during exercise in mice may be hard to determine, it is suggested that 
there is a difference in forces applied by each muscle, where soleus provides more 
negative horizontal forces and quadriceps provide more positive horizontal forces61, 
indicating a difference between contraction type (eccentric vs. concentric) and thus, 
metabolic load. Additionally, citrate synthase changes incurred by exercise indicate that 
red vastus has a higher relative change after training compared to the relative change in 
the soleus, indicating potentially higher metabolic demands62. As such, although 
phenotypically similar as ‘oxidative fibers’, the overall usage and recruitment during 
treadmill running may indicate that there could be differences even among fiber types.  
 While the observed translocation of Nrf2 in the deep quadriceps supports many of 
the models that exist around activation of Nrf2, via translocation to the nucleus, many of 
the studies making these suggestions have not measured protein levels of Nrf2 in the 
nucleus in comparison to cytosolic Nrf2. Of those that have examined nuclear Nrf2, these 
results are congruent with their findings of increased nuclear Nrf2 after regular exercise 
training. Asghar et al. reported increases in nuclear Nrf2 in renal tissue from rats49; 
George et al. found an increase in nuclear Nrf2 only in older rats in renal tissue, but no 
change in younger rats51; Gounder et al. found increases in nuclear Nrf2 in myocardium 
of both young and old exercised mice17; Sun et al. found an increase in nuclear Nrf2 in rat 
myocardium after regular exercise63. None of these studies used skeletal muscle tissue, 
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making it hard to understand the changes that occur local to the muscles, which increase 
metabolic activity the most during exercise. This study is the first study to examine 
changes in Nrf2 nuclear-located protein in response to chronic exercise in skeletal 
muscle, particularly of different muscle groups.  
 Taken together, the data on KEAP1/Nrf2 currently suggests that in response to 
regular exercise training, Nrf2 translocates to the nucleus more at rest, but with little 
change in KEAP1 or Nrf2 levels in the cytosol. It is important to note that some of the 
findings, particularly those in the Soleus and Deep Quadriceps, may be subject to 
sensitivity issues, leading to type II errors. These may be due to a number of issues, 
namely: western blot sensitivity, exercise training stimulus, sample size, and inherent 
variability issues that are unaccounted for.  
 One major limitation to Nrf2 measurement remains unresolved in the literature: 
there are multiple bands for Nrf2. The predicted band should be ~69 kDa, whereas bands 
can show up ~100kDa64 . Conflicting viewpoints lead to two main analyses; 1. Count 
both bands, as Nrf2 bands ~100 kDa are ‘true’, and 2. Ignore the 100kDa band and regard 
it as an artifact or non-specific band (particularly by antibody manufacturers). While 
neither of these methods appears to be the leading candidate and needs to be resolved, the 
approach for this study was to examine only the 69 kDa band; the rational used was that 
there are in fact artifact bands that exist, and there is no empirical data to suggest that the 
band at ~100 kDa is indeed Nrf2. Resolving this question during this study was not one 
of the aims, and therefore it did not warrant further investigation, but it is worth noting 
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that there is a possibility that this is indeed a Nrf2 isoform or Nrf2 bound to another 
molecule (such as s-maf), and data is being lost.  
Antioxidant Responses 
 Log-transformed total-cell HO1 showed significant muscle main effects, with no 
significance in main effect for exercise or interaction effects. That is to say that HO1 did 
appear to differ between muscles, but exercise training did not significantly affect the 
levels of HO1, nor did the exercise response vary between different muscle groups. 
While it is well known that HO1 should differ between oxidative activity of a muscle, 
there are studies that suggest there should be an interaction effect of exercise and 
muscle65. While it is hard to discern why this was not the case in our study, one possible 
explanation is the time course of the study. HO1 does appear to be transient and 
responsive to stress; interestingly, HO1 has been suggested to be higher at rest in 
untrained individuals, representing the response to pro-oxidation66. This means that no 
major observable difference in the exercise group could be due to the long duration after 
the last stress (72 hours), but between muscles, it is logical that highly oxidative tissues 
require more antioxidants.  
In the repeated measures ANOVA for SOD1, the exercise effect trended towards 
significance, but failed to reach statistical significance, with an F value of 3.887 (3 
degrees of freedom), and a P-value of 0.062. This is likely due to reduced power from the 
study, and would likely show significance with less variability, higher exercise effect due 
to training, or a larger sample size. Many studies show an increase in SOD1 content and 
activity, particularly in oxidative muscle fibers10,40,67,68. Additionally, SOD1 showed a 
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significant muscle effect, which was expected, as SOD1 is often observed at different 
levels and activities based on muscle fiber type, where more oxidative-type muscles have 
higher levels of SOD167. While not-statistically significant at alpha = 0.05, the interaction 
effect approached significance at a p value less than 0.1 (F = 2.215), suggesting future 
studies increasing power or changing the methodology may find an interaction effect with 
muscle and exercise.  
While there is some information (of which there is contentious findings) about the 
exercise-induced change in levels of antioxidant proteins, most studies suggest that 
higher aerobic fibers have higher levels of antioxidants (including SOD1 and HO1) and 
also increase enzyme activity and possibly increased protein in response to exercise 
training1. Both proteins did not show an interaction effect, which would have suggested 
muscles respond differently to exercise in producing either protein. However, the 
significant muscle effects support the literature that suggests muscles differ in antioxidant 
levels but respond similarly to exercise. Of the two proteins, SOD1 is much closer to 
reaching statistical significance in an interaction effect, which may become significant 
when sample size is increased in future studies. Should this be the case, this contributes 
to some of the conflicting literature on whether the Cu,Zn-SOD isoform (SOD1) changes 
with exercise [citation]. Unfortunately, our findings only further the uncertainty, but 
provide context for future investigation. 
It is important to note that SOD1 and HO1 protein levels are not the sole 
determinants of antioxidant capacity in cells. Rather, emphasis in the past has been 
placed on activity of the enzyme, since activity can increase despite little to no change in 
 
88 
protein levels. Additionally, there are far more enzymes associated with redox balance 
within a cell. However, the decision to measure SOD1 and HO1 protein levels was more 
about identifying proteins that are target proteins of Nrf2 via ARE sequences on DNA 
and directly related to the negative feedback loop of oxidative stress. 
Nrf2/KEAP1 Ratio 
 One of the aims of this study was to examine whether the Nrf2/KEAP1 ratio was 
a significant correlator with antioxidant production, since Nrf2 is an ‘activator’ of 
antioxidant production and KEAP1 inhibits Nrf2’s availability. Two ratios were used for 
analysis: total Nrf2/KEAP1 ratio ((nuclear Nrf2 + cytosolic Nrf2) / KEAP1) and 
cytosolic Nrf2/KEAP1 ratio (cytosolic Nrf2 / KEAP1). In theory, the higher the 
‘activator’ relative to the ‘inactivator’ could potentially lead to increases in antioxidant 
levels. While this is not the best metric, since neither the ratio nor protein levels indicate 
actual activation of transcription, the attempt was to find an indicator that explains more 
of the variability that is observed in the current literature. 
 Using repeated-measures multivariate ANOVAs, differences between exercise 
groups and muscles in mice were assessed first. Results from both tests illustrated that the 
ratios of Nrf2/KEAP1 did not differ between exercise and sedentary groups, nor between 
muscles (or any interaction). While this may be hard to explain given the lack of evidence 
given this study design, the results suggest that the lack of significant changes in KEAP1 
and Nrf2 ratio. However, it is possible that the non-significant trend of increased Nrf2 
and KEAP1 meant the ratio stayed roughly similar. Further investigations should quantify 
the proteins in such a manner to more sensitively detect quantity of protein. 
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The current findings are relatively similar to findings from Alves in 2020, where 
they found exercise alone was not enough to change the Nrf2/KEAP1 ratio but did restore 
the ratio when combined with a fructose diet that they demonstrated decreased the 
Nrf2/KEAP1 ratio69. This suggests that perhaps at an unaltered state, exercise will not 
change the ratio of the two proteins’ production but may help when one protein or 
another has a dysfunctional production. Given that these mice were apparently healthy, 
future studies should focus on the relationship of exercise on dysfunctional ratios rather 
than apparently healthy ratios. 
Additionally, one of the aims of this study was to compare the Nrf2/KEAP1 ratio 
to levels of antioxidants in the cells to see if there were correlations in these values. 
Running Pearson correlations revealed that neither of the Nrf2/KEAP1 ratio metrics 
inclusive of both groups were correlated with HO1. Separating the data by each group 
and running each group as separate correlations revealed that both types of ratios still did 
not significantly correlate with outcome antioxidants. Examining the plots of these 
correlations shows that Nrf2/KEAP1 ratio is not an adequate corollary to describe 
changes that occur downstream in production of antioxidants. Many studies to date have 
shown strange behaviors in Nrf2 levels and downstream antioxidants, the proposed 
metric was a theoretical way to describe more aspects of the signaling pathway, since 
KEAP1 renders Nrf2 biologically inactive. Given the lack of significant relationships 
between the ratios and antioxidants, it may be presumed that other regulatory factors 
(DNA binding, epigenetics, post-translational modifications, etc.) may play a larger role 
in regulating these downstream outcomes which are not being addressed in this study. 
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Nonetheless, it is important to note that the relative amounts of KEAP1 to Nrf2 do not 
appear to correlate with the level of antioxidant production in muscle tissues.  
Nuclear Nrf2 appeared to be the best correlator with antioxidant production, 
which makes sense given that Nrf2 must be in the nucleus to play out its role as a 
transcription factor and increase mRNA of target ARE genes. Our study is in line with 
other studies that show that nuclear Nrf2 is only mildly correlated with antioxidant 
production [citation]. As such, it would be beneficial to look at epigenetic-level 
regulators in this pathway to see whether or not that may better explain some of the 
discrepancies.  
Limitations and Error 
 Many of the limitations specific to the individual proteins were mentioned 
previously in the discussion, but other limitations remain.  
 In this study, the exercise session was used from a protocol designed to illicit an 
oxidative stress response in each session57. While physical encouragement was given to 
mice, observational data suggested some mice were more consistent during the exercise 
session than others. The ‘compliance’ of each mice varied between mice but was not 
recorded in any fashion for validation. Therefore, some of the mice in the study may have 
smaller overall effect of exercise than others in the group, contributing to variability in 
the exercise group. A measure of aerobic adaptations, such as Cytochrome Oxidase 
activity70, should be used in the future as a covariate to determine whether or not training 
adaptation influences the results.  
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 Additionally, without measures of oxidative stress markers or any indication of 
ROS, it is hard to attribute these changes specifically to OS, rather than non-canonical 
activation or other unknown influences that also change with exercise training. It is 
known that intensity and duration affect OS, and any non-compliance from mice or error 
in treadmill speed may change the overall dose of OS each mouse received. Limited 
tissue supply (6mg – 40mg, depending on muscle) made it challenging, if not impossible, 
to have enough tissue to measure too many variables, particularly when measures are 
sensitive to preparatory methods, such as OS markers. Leaving OS marker measurements 
out was driven by previous findings using similar protocols demonstrating OS in this 
protocol, the fact that measurements were ~72 hours post-exercise (representing basal 
levels), and the priority of tissue sample allocation for proteins. 
 While multiplexed western blotting saved tissue, time, and money, it did have 
some trade-offs. First, fluorescently-labelled primary antibodies meant that there is no 
“amplification” of signals that typically occurs with a secondary antibody. Given the 
high-resolution scan (100 microns), this may not be a major limitation, but it certainly 
could contribute to less pronounced differences between low and high concentrations. 
Additionally, comparisons between proteins should not necessarily be made on an 
absolute quantity level when western blotting, but this remains especially true when 
multiplexing western blots. Different fluorophores have different brightness than others; 
as such, a higher intensity signal on a channel does not represent “more” protein, but it 
should remain relative within protein comparisons. On a similar note, it is worth pointing 
out that these western blots were conducted on PVDF membranes that were not “low-
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fluorescence” membranes; as such, these membranes did have background fluorescence, 
particularly in the lower wave-length regions. While we do not suspect it affected the 
magnitude of response, it has the possibility to decrease overall sensitivity, despite our 
approach accounting for this in the analysis step. Future studies are recommended to use 
“low-fluorescence” PVDF membranes to make data analysis easier, quicker, and 
potentially more reliable.  
 In addition to brightness and autofluorescence, fluorophore emission spectra 
overlap with the filters may contribute to some signal being lost. For example, a 
fluorophore such as Phycoerythrin (PE) should fluoresce when excited by a 532nm laser, 
which should show up on the Cy3 channel (560-580nm); however, it is possible for the 
635nm laser to slightly fluoresce PE, creating a band signal that appears on the Cy5 
channel (655-685nm). While this remains systematic and can be considered an artifact, 
some excitation can lead to signals when bands are overlapping in molecular weight, 
which may lead to higher values. While the western blots were designed to minimize this 
occurrence (Appendix 3), it is worth noting that KEAP1 and Nrf2 both have bands ~69 
kDa and could be susceptible to this.  
Recommendations 
 The field of Nrf2 signal transduction is relatively new, but of high interest 
because of its highly conserved and broadly expressed nature, its relevance to many 
diseases, and potential therapeutic in exercise and pharmaceuticals. However, the current 
literature on exercise remains limited. Our study was the first to include KEAP1 
measurements to skeletal muscle while looking at different expression patterns in 
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different muscles. These findings should be considered when assessing methodology 
approaches for future studies, as the muscle effect in antioxidant measurements may 
cause erroneous findings or correlations in isolation, so muscle selection is important.  
 Additionally, future studies should address the acute-effects of exercise on 
KEAP1. Many studies exist examining the pathway activation post-exercise, but do not 
examine short-term changes in KEAP1. This may be important to understanding the 
regulatory dynamics imposed on Nrf2 by KEAP1. While we don’t have any reason to 
believe, at this point, that KEAP1 changes acutely, the non-canonical model, where p62 
displaces Nrf2 as ‘activation’ while p62 signals KEAP1 for selective autophagy, suggests 
that KEAP1 could be degraded acutely in response to a buildup of p62 and/or 
phosphorylation of p62 by mTOR. To our knowledge, this non-canonical pathway has 
not been studied acutely, and requires future investigation. 
 Lastly, future studies should examine the modulation of intensity, duration, 
frequency, and modality of exercise to see whether or not these have large effects on Nrf2 
signaling and subsequent antioxidant production. Oxidative stress has been shown to 
respond to all of these factors, and it stands to reason that Nrf2 response would change as 
a result to protect against different levels/types of future OS. Additionally, more studies 
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APPENDIX A. TREADMILL PROTOCOL FOR MICE EXERCISE TRAINING 
Week Incline 
(degrees) 
Speed (m/min) Time (min) 
1 0 15 45 
2 0 15 45 
3 0 15 60 
4 0 15 60 
5 2 15 60 
6 2 15 60 
7* 4 15 60 
8* 4 15 60 
 
Acclimation was be done the week prior to week 1, consisting of three low speed running 
sessions of 20 minutes, increasing speed each session up to 15 m/min for the final 
session.  
 
*Weeks 7 and 8 are designed to be roughly 65% VO2max for the C57/BL6 mouse strain. 
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APPENDIX B. ARRANGEMENT OF FLUOROPHORES AND FILTERS FOR 
MULTIPLEXED WESTERN BLOTS 
 
Lasers Channels Wavelengths (nm) Fluorophore 
488 Cy2LP 515-535 KEAP1 Alexa Fluor 488 
532 Cy3LP 560-580 SOD1 Phycoerythrin 
635 Cy5LP 655-685 Nrf2 Alexa Fluor 647 
685 IR Short 710-730 GAPDH Alexa Fluor 680 
785 IR Long 810-840 HO1 Alexa Fluor 790 
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The Amersham Typhoon imager scanned 
one channel at a time, with its appropriate 
laser combination (Appendix 2). Each scan 
was a density measurement that was on 
grayscale. Image J was used to convert 
grayscale images to 5 separate color 
channels, which were overlapped to 
represent the composite picture. Each 
color represents an individual channel (in 
this case, protein) 
Each channel was isolated to look at 
density measurements without interference 
from other channels. Rectangles were used 
to outline each lane, which was the set 
range for individual density measurements. 
 
It is important to note that each channel 
was ‘read’ as the original file, where the 
colors on the display do not change the 
underlying data.   
Each lane received its own absorption 
measurement chart (X asix: left to right is 
a single lane, top to bottom; Y axis: 
absorption). Each individual chart had 
prominent ‘dips’ corresponding with 
protein bands, of which the area was used 
as the raw measurement for that band. 
